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Abstract 
Micro abrasive jet machining is a non-conventional machining process used to produce micro features such as holes, channels on 
various brittle materials in particular and engineering materials in general. This process finds wide industrial applications. This 
paper investigates the optimal machining parameters to machine holes on sodalime glass for multiple performance 
characteristics. Grey Relational Analysis (GRA) is used for optimizing the process parameters for the material removal rate 
(MRR) and radial overcut (ROC). Air pressure, stand-off distance and abrasive mess are selected as the machining parameters. 
Taguchi Orthogonal L9 array is used to design the experiments. Based on the grey relational grades obtained for the experimental 
runs, optimization of process parameters have been carried out and the obtained results are presented in the paper. The results
include holes size, material removal rate and radial overcut. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of RAEREST 2016. 
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1. Introduction 
Micro abrasive jet machining is a non-conventional machining process, wherein a high energy jet of fluid and solid 
particle mixture erodes the material from the target surface. In general, the fluids used are air and water. The solid 
particles include - Aluminum oxide (Al2O3), Silicon carbide (SiC) etc. When fluid compressed to high pressure 
flows out of the small vent, the potential energy of the fluid is converted into kinetic energy and a high speed fluid 
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stream is produced. The solid particles introduced into the fluid stream are accelerated due to drag forces and gains 
substantial the kinetic energy. The high energy jet is focused through the nozzle onto the workpiece surface [1]. 
Micro-AJM has been used for rough working such as deburring and rough finishing [2,3]. It is also used to produce 
micro sized features like micro-channels, micro-holes etc. for fabrication of microfluidic, MEMS and opto-electronic 
components [4,5].  
The solid particle erosion consists of two types of wear, deformation wear and cutting wear. Deformation wear 
prevails for the hard and brittle materials at large impact angles, whereas cutting wear prevails for soft and ductile 
materials at small impact angles [6]. Verma et al. [7] studied the effects of various input parameters such as stand-off 
distance, mixture ratio, carrier fluid pressure, abrasive size etc. on material removal rate and penetration rate. 
Experimental results showed that both material removal rate and penetration rate depend on stand-off distance, 
mixture ratio, carrier fluid pressure and abrasive size. Venkatesh [8] reported the effects of feed rate, carrier fluid 
pressure, abrasive grit size, spray angle and stand-off distance on material removal rate of ordinary, optical and 
toughened glass. Wakuda et al. [9] identifies the material response of alumina ceramics to the abrasive particle 
impact in the AJM process. Three kinds of commercial abrasive particles - aluminium oxide, silicon carbide and 
synthetic diamond, were used to dimple the sintered alumina samples and found that the material response to particle 
impact depends on the type of abrasives used. Zhang et al. [10] introduces a method Micro Abrasive Intermittent Jet 
Machining (MAIJM), in which there exists a period of time during which no abrasive is injected into the gas stream 
from the nozzle so that the continuous flow of gas without abrasives from the nozzle could blow away any abrasives 
that have accumulated in the hole and increases the machining efficiency.  Lee et al. [11] discussed the performance 
of micro-AJM in the micro grooving of glass using three step process: (1) masking process, (2) abrasive jet 
machining, (3) mask removing and cleaning process. The diameter of the hole and width of the channel obtained 
were 80 µm with 2-4 µm tolerances. Fan et al. [12] developed a predictive mathematical model for the erosion rates 
in micro-hole drilling and micro channel cutting on glasses with an abrasive air jet using dimensional analysis 
technique. Wang et al. [13] developed models for the particle velocities within a micro-abrasive air jet machining. 
The particle velocities at nozzle exit are modelled as a function of nozzle length, particle mean diameter, particle 
density, air density, air flow velocity. They also developed models to determine the particles velocity distribution 
along the jet centreline downstream from the nozzle and the particle velocity profile at a jet cross-section. A 
numerical solution to the models was developed. The model predictions were found to be in good agreement with 
the experimental results and can be used for particle velocity evaluation in modelling material erosion in AJM. Hung 
et al. [14] presented a novel hybrid method that self-made magnetic abrasive with elasticity was utilized to 
investigate machining characteristics in abrasive jet machining. It was found that use of flexible magnetic abrasive 
enhanced uniform main processing area, as well as better surface roughness, was obtained than traditional 
machining. Nouhi et al. [15] used a shadow mask to machine straight channels in borosilicate glass and compared 
their quality with those machined using traditional clamped mask. They studied the effect of nozzle standoff, shadow 
mask standoff, particle size and mass thickness on frosted region and width of the channels. They were able to get 
the narrowest feature with a least frosted zone by increasing nozzle standoff and mask thickness, and decreasing 
mask standoff and particle size. They have also found that by using two sets of crossed mask, for the same channel 
width frosted zone size was reduced by 50%. 
Much research work has been carried out on an experimental investigation to study the effect of different process 
parameters on quantitative performance characteristics as material removal rate and penetration rate, but very little 
work has been reported studying the effect of process parameters on the quality of features produced using AJM. 
Therefore present work makes an attempt to find the optimal process parameters for machining holes in soda lime 
glass for multi-performance characteristics as MRR (quantitative) and radial overcut (qualitative), using Grey 
Relational Analysis Technique. 
2. Grey Relational Analysis (GRA) 
In Grey Relational Analysis, the first step to be performed is data preprocessing to convert the raw data into 
normalized value for the analysis. In the next step, with the help of obtained normalized value of the performance 
characteristics grey relational coefficient and grey relational grades are calculated. These steps are elaborated briefly 
in section 2.1 and 2.2 respectively. 
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2.1. Date pre-processing
Data sequences have to be made dimensionless as they have series of different units. Data pre-processing transforms 
the original sequence to a comparable sequence. Let ( )ox k  and ( )ix k  represent the original reference sequence and 
comparable sequence respectively, where i=1, 2,….,m. and k=1, 2,….,n, in which m is the total number of 
experiment to be conducted and n is the total number of performance characteristic observed. Based on the 
characteristics of the original sequence various available data pre-processing methods can be used in GRA [12], are 
as follows:  
If characteristic of the original sequence is “the-larger-the-better”, then the original sequence is normalized by: 
                            
If characteristic of the original sequence is “the-smaller-the-better”, then the original sequence is normalized by: 
However, if there is “desired value”, then the original sequence is normalized by: 
Where, 
( ) ( )oix k  represent original sequence 
( )ix k
  represent the sequence after data pre-processing 
( )max. ( )oix k the largest value of the original sequence 
( )min. ( )oix k  the smallest value of the original sequence 
ox desired value 
2.2. Grey Relational Coefficients (GRC) and Grey Relational Grades (GRG) 
Where ( )'oi k  is the deviation sequence of the reference sequence and the comparable sequence, ]  is the 
distinguishing coefficient, [0,1]] . The grey relational grade is the weighted sum of grey relational coefficients and 
is defined as 
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3.  EXPERIMENTATION 
3.1 Experimental Setup 
Developed µ-AJM experimental setup is shown in Fig 1. The setup consists of compressed air cylinder, Filter-
Regulator unit, abrasive canister, nozzle, and 3/2-solenoid valve. Compressed air gas cylinder is activated in the 
circuit with the help of an angled valve. The required pressure can be set using the straight valve. The pressure gauge 
P1 and pressure gauge P2 shows the cylinder pressure and operating pressure in the pneumatic lines respectively. The 
compressed air of set pressure is passed through air conditioning unit i.e. Filter-Regulator unit which removes the 
moister and sends dry air to the abrasive canister through solenoid valve which is used to have an immediate on-off 
control of the process. This dry compressed air imparts momentum to abrasive particles stored in the abrasive 
canister. The air-abrasive mixture comes out of the cylinder with sufficient kinetic energy. High energy air-abrasive 
mixture is passed through the nozzle which produces a high velocity jet of the air-abrasive mixture. The high 
velocity jet of air-abrasive mixture impact on a work surface and remove the material through erosion phenomena. 
Aluminum oxide (Al2O3) of mesh sizes 320, 220 and an equal amount of 320 and 220 are used as a mixture. 
Sodalime glass plate of dimension (25mm×25mm×1.6mm) is taken as workpiece sample for machining holes.The 
nozzle is made of tungsten carbide and has a diameter of 894 microns. The machining time is kept constant as one 
minute. There are various important process parameters of micro-AJM out of which air pressure, stand-off distance 
and abrasive mesh are chosen for the study. 
Fig. 1. Schematic diagram of µ-AJM experimental setup
3.2 Design of Experiments 
Taguchi orthogonal array experimental design is used to find the total number of experiment to be performed, in 
order to get optimum results at minimum experimental cost and time. The factors such as air pressure, stand-off 
distance and abrasive mesh size are considered as control factor with each having three levels. Table1 gives the 
details of control factors and their levels. The remaining factors such as nozzle diameter, abrasive type, workpiece, 
machining time are taken as fixed factors. On the basis of number of factors and their levels i.e. three factor and 
three levels, Taguchi L9 orthogonal array experimental design is selected for conducting the experiments. It gives 
total nine experimental runs and each run has a unique combination of factors levels chosen. 
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Table 1. Control factors and their levels 
Factor Levels Control Factors 
 A 
Air Pressure (bar) 
B
Stand of Distance (mm) 
C
Abrasive Mesh Size 
1 5 1 320 
2 7 2 220 
3 9 3 Mixture (320,220) 
4. RESULTS AND DISCUSSIONS 
Figure 2 shows micrographs of the machined holes on sodalime glass plate.Table 2 shows the results of MRR, 
entrance diameter, exit diameter and ROC of machined holes for the nine experiment sequence.  
Experiment No. 1 Experiment No. 2 Experiment No. 3 
Entrance diameter – 1245 µm Entrance diameter – 1500 µm Entrance diameter – 1800 µm 
Exit diameter– 680 µm Exit diameter– 719 µm Exit diameter– 1190 µm 
Experiment No. 4 Experiment No. 5 Experiment No. 6 
Entrance diameter– 1220 µm Entrance diameter– 1615 µm Entrance diameter– 1740 µm 
Exit diameter– 666 µm Exit diameter– 1165 µm Exit diameter– 796 µm 
Experiment No. 7 Experiment No. 8 Experiment No. 9 
Entrance diameter– 1290 µm Entrance diameter– 1630 µm Entrance diameter– 1895 µm 
Exit diameter– 869 µm Exit diameter– 1320 µm Exit diameter– 1425 µm 
Fig. 2. SEM images of machined holes on sodalime glass plate 
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Table 2 Experimental design using L9 orthogonal array 
The two performance parameters, MRR and ROC are of different characteristics. The best output will be of larger 
MRR with smaller ROC. Thus, MRR has the characteristic of “larger the better”, and ROC of “smaller the better”. 
So, MRR and radial overcut values are pre-processed using Eq.1 and Eq.2 respectively. Table 3 shows the original 
reference sequence and comparable sequence obtained after date pre-processing. 
Table 3 Sequences after data pre-processing: MRR and ROC 
Reference/Comparability Sequence MRR ROC
Reference Sequence 1.00 1.00 
Comparability Sequence 
Run No. 1 0.00 0.88 
Run No. 2 0.13 0.77 
Run No. 3 0.51 0.23 
Run No. 4 0.07 1.00 
Run No. 5 0.36 0.38 
Run No. 6 0.22 0.55 
Run No. 7 0.84 0.81 
Run No. 8 1.00 0.26 
Run No. 9 0.67 0.00 
To obtain the GRC, deviation sequence ( )oi k' , max .( )k' and min .( )k'  for i=1-9 and k=1-2, is to be calculated. As all the 
process parameters are of equal weightage, therefore value of ] is set to 0.5 in eq.4 for calculating the GRC. kE  is 
the weight of the performance parameters and in the present work, kE =0.5 is considered for MRR and ROC.  
Table 4 shows the Grey Relational Coefficients and Grey Relational Grades. Response table for the Taguchi method 
was used to calculate the Average Grey Relational Grades for each factor level. GRG represents the level of 
correlation between the reference sequence and comparability sequence, greater value of the GRG means that 
comparability sequence has a stronger correlation to reference sequence [10]. 
Experimental 
Runs 
A
Air
Pressure
(bar) 
B
SOD 
(mm) 
C
Abrasive
Mesh Size 
MRR
(gm/min)× 10-3 
Entrance
diameter 
µm 
Exit
diameter 
µm 
ROC
µm 
1 5 1 320 3.1 1245 680 69 
2 5 2 220 4.3 1500 719 108 
3 5 3 Mix. 7.9 1800 1190 301 
4 7 1 Mix. 3.8 1220 666 25 
5 7 2 320 6.5 1615 1165 248 
6 7 3 220 5.2 1740 796 187 
7 9 1 220 3.9 1290 869 93 
8 9 2 Mix. 12.6 1630 1320 291 
9 9 3 320 9.5 1895 1425 383 
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Table 4. Grey Relational Coefficient (GRC) and Grey Relational Grade (GRG) 
Run No. A B C GRC GRG Order 
MRR ROC 
1 1 1 1 0.3333 0.8065 0.4133 9
2 1 2 2 0.3649 0.6849 0.5069 4 
3 1 3 3 0.5050 0.3937 0.4494 7 
4 2 1 3 0.3496 1.0000 0.6748 3 
5 2 2 1 0.4386 0.4464 0.4425 8 
6 2 3 2 0.3906 0.5263 0.4585 6 
7 3 1 2 0.7576 0.7246 0.7411 1 
8 3 2 3 1.0000 0.4032 0.7016 2 
9 3 3 1 0.6024 0.3333 0.4678 5 
Thus, in Table 5 level of factor with the largest value of GRG is the optimal level for that factor. From the values 
listed in Table 5, level 3 of factor A, level 1of factor B and level 3 of factor C shows the largest GRG. Therefore at 9 
bar air pressure, 1 mm stand-off distance and mixture (320,220) abrasive mesh size optimal machining performance 
for both MRR and ROC is obtained. Fig. 3 shows the grey relational grade graphs. Basically, the larger the grey 
relational grade, the better is the multiple performance characteristics. 
Fig. 3. Grey relational grade graph 
The most effective factor, which affects the performance characteristics, is determined by comparing the values of 
the difference between maximum and minimum of GRG [10]. The most effective factor is that with a maximum of 
these values i.e. max. of (Max.-Min.) values.
Table 5. Response table of Grey Relational Grades 
Factors Average grey relational grade by factor level 
Level 1 Level 2 Level 3 Max. – Min. Max of (Max. – Min.) 
Air pressure(A) 0.4565 0.5253 0.6368 0.6368 - 0.4565 = 0.1803 0.1803 
Stand-off distance(B) 0.6097 0.5503 0.4586 0.6097 – 0.4586 = 0.1511  
Abrasive mesh size(C) 0.4412 0.5688 0.6086 0.6086 – 0.4412 = 0.1674  
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1241 Kumar Abhishek and Somashekhar S. Hiremath /  Procedia Technology  25 ( 2016 )  1234 – 1241 
From Table 5 the Max.-Min. values are, 0.1803, 0.1511 and 0.1674, the maximum out of which is 0.1803. 
Therefore, air pressure has a greater effect on multiple performance characteristics than the other factors. The order 
of values also tells significance order of factors for performance characteristics. The significance order can be listed 
as: air pressure, abrasive mesh size and stand-off distance for multiple performance characteristics. 
5. CONFIRMATION TEST 
The performance characteristics, MRR and ROC need to be verified for the optimal parameters. GRA gives A3, B1, 
and C3 as optimal parameters for machining holes on soda lime glass plate for maximum MRR and minimum ROC. 
Therefore, by setting these parameters confirmation has been carried out. For air Pressure 9 bar (A3), stand-off 
distance 1 mm (B1) and abrasive mesh size mix.(320,220) (C3) , MRR and ROC are found to be 4.5×10-3 gm/min 
and 132 µm respectively. The result of confirmation test was found to be better as compared to those summarized in 
Table 2. 
6. CONCLUSIONS 
µ-AJM is an important non-conventional machining process used to machine difficult to cut materials due to their 
high hardness and brittle nature. This process is also favourable to machine heat sensitive materials as the heat 
affected zone is negligible due to the cooling effect of the carrier gas. Some of the remarks on the present work: 
x Micro-AJM experimental setup has been developed and holes are machined on soda lime glass plate of 
thickness 1.6 mm. 
x The results have been analysed using Grey Relational Analysis and optimal level of factors are obtained for 
both material removal rate (MRR) and radial overcut (ROC), as 9 bar air pressure, 1mm stand-off distance, 
and mixture (320,220) abrasive mesh. 
x Air pressure was found to be the most significant factors for multiple performance characteristics than 
other factors. 
x The order of importance of selected process parameters is also ascertained using GRA as: air pressure, 
abrasive mesh and stand-off distance. 
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